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Christopher J. Sarkisian
627 BRB2/3

421 Curie Blvd
Philadelphia, PA 19104

The goals of my 1999 pre-doctoral fellowship “Role Of Brca2 In Cell Cycle Progression And The
Response To DNA Damage In Mammary Epithelial Cells”, were to 1) Determine whether Brcal and Brea2
interact in murine cells; 2) Map the domain(s) of Brca2 necessary for such an interacting with Brcal; and 3)
Determine whether mice bearing a Brca?2 allele defective in binding to Brcal are susceptible to genetic
instability and/or tumorigenesis. We have published results addressing aims 1 and 2 in the manuscript,
“Analysis Of Murine Brca2 Reveals Conservation Of Protein-Protein Interactions But Differences In Nuclear
Localization Signals” (Appendix 1). In this manuscript, we have demonstrated that Brca2 and Breal interact in
murine cells (Fig 4, Appendix 1). We have also shown that the amino terminus of murine Brca2 is sufficient to
interact with human BRCA1 (Fig 6, Appendix 1).

However, as mentioned in my previous annual report, inefficient expression of epitope-tagged constructs
of Brca2, and our lack of antisera to the carboxyl-terminus of murine Brca2, have prevented us from
determining whether the amino- terminus of Brca2 is required for interaction with Brcal. Furthermore,
mapping of the Brca2-Brcal interaction using GST pulldown techniques has not been possible due to
difficulties in the purification of several GST-Brca2 fusion proteins. These complications have precluded the

completion of Specific Aims 2 and 3 of the Statement of Work. For these reasons, we chose to address an

alternate problem in breast cancer research.




INTRODUCTION

The small GTPase protein Ras is one of the most commonly mutated genes in human cancers. Over
20% of human cancers harbor activating mutations in one of three Ras family members, H-, K-, or N-Ras(1). -
Ras is a signal transducer known to be downstream from numerous cell surface receptors, among them
molecules implicated in breast cancer such as the EGFR and erbB2 receptor tyrosine kinases(2,3). Stable
transfection of Ras into NIH3T3 cells will transform them into malignant sarcomas, and female mice
constitutively expressing activated H-Ras under the control of the MMTV promoter develop mammary
carcinomas(4,5). Blockade of Ras signaling, in contrast, is inhibitory to cell growth in cultured cell lines and
can inhibit tumor growth in vivo(6,7).

In direct contrast to results obtained using immortalized cell lines, retroviral infection of Ras into
primary murine embryonic fibroblasts (MEFs) has been shown to induce a short period of proliferation,
followed by a growth arrest that shares many features with cellular senescence(8). Moreover, the growth arrest
activated by Ras has also been shown to require functional p53 and INK4a/ARF pathways(8). The genetic loci
encoding these proteins are the two most commonly mutated loci in human cancers, suggesting the mechanism
underlying Ras-induced growth arrest may be an essential tumor suppressive mechanism present within cells.

Normal MEFs cultured in vitro arrest growth prior to telomere dysfunction, thought to be due to
genotoxic stress arising from hyperoxic culture conditions(9). The senescent-like phenotype caused by Ras
overexpression in primary cells also occurs with normal telomere function(10,11). It is therefore fair to
question whether Ras-induced growth arrest in fact represents an innate protective mechanism against the
activation of a potent oncogene, or merely the extension of an artifact of in vitro culture conditions. To address
this requires the overexpression of Ras in somatic tissues in vivo, and the determination of whether any
senescent response occurs in the cells expressing Ras. We have generated a line of mice capable of inducibly
overexpressing activated H-Ras within the mammary epithelium. Using this line of mice we will determine if
growth arrest and/or apoptosis occurs in the mammary epithelium in response to activation of Ras. We will also
determine if markers of senescence are detectable in Ras-expressing cells. Finally, we will breed MTB/TRAS

mice to p53 knockout mice to determine if a p5S3-dependent growth arrest occurs in response to Ras.
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BODY

The goals of my pre-doctoral fellowship “Determination of a Senescent of Response to Oncogenic Ras
Mutation in Vivo”, are to 1) Generate a line of mice inducibly expressing activated Ras within the mammary
epithelium, 2) Characterize the proliferative, apoptotic, and senescent responses of mammary epithelial cells to
activated H-Ras, and 3) Determine if the phenotype induced by activated H-Ras is dependent on p33.

We have previously generated a line of mice, designated MTB, which express the reverse tetracycline
dependent transactivator (rtTA) under control of the mouse mammary tumor virus (MMTV) LTR(12). MTB
female mice express tTA within the mammary epithelium and salivary gland but in no other organs(12). We
have also generated a line of mice harboring a transgene that expresses viral activated H-Ras under control of
the tetracycline operon, called the TRAS line of mice. The transcript expressing H-Ras also contains an IRES-
Luciferase cassette such that Luciferase expression may be used as a surrogate for transgene expression. In
response to the drug doxycycline (dox), bitransgenic MTB/TRAS mice have a large induction of luciferase
activity in the mammary gland while uninduced and uninduced bitransgenic mice express luciferase levels near
those of control monotransgenic mice (data not shown). Luciferase activity was detectable at such levels only
within the mammary and salivary glands (data not shown). We therefore conclude that the MTB/TRAS system
represents a useful way to specifically and inducibly express H-Ras within the mammary epithelium.

MTB/TRAS mice rapidly and inducibly express v- H-RAS within the mammary gland at the RNA and
protein levels in response to doxycycline (Fig 1 and data not shown). Specifically precipitating the GTP-bound
form of Ras, which is the active form of Ras, demonstrates that while total levels of Ras increase only several
fold in response to dox, the levels of GTP-bound Ras increase dramatically in response to dox (Fig 1A-B).
Moreover, immunoblots for phospho-MEK, a kinase activated as part of the MAP kinase pathway downstream
of Ras, demonstrated that this pathway is activated within 24 hrs of Ras activation by dox (Fig 1B). We
conclude that MTB/TRAS mice express a biologically active form of H-Ras in response to doxycycline.

To determine whether mammary epithelial cells undergo a proliferative arrest in response to induction of
Ras, we performed co-immunofluorescence of BrdU with cytokeratin 18, a marker for luminal epithelial cells

that express the Ras transgene (data not shown). Quantitation of proliferative rates demonstrated that
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Figure 1 -Immunoblots against the indicated proteins were performed on mammary gland extracts from (A) 96
hr inductions of MTB/TRAS mice with specified doses of dox. (B) Time course of MTB/TRAS mice induced

at 0.05 mg/mL dox. (C) MTB/TRAS mice induced at 0.05 mg/mL or 0.012 mg/mL dox for the indicated times.

MTB/TRAS mammary epithelial cells experience a rapid increase in proliferation following induction with 2.0
mg/mL dox, but also that proliferation rates decrease to levels near uninduced mice upon long term inductions
(Fig 2A). We find a statistically significant difference in proliferation rates of MTB/TRAS mammary epithelial
cells induced for 48 hours at 2.0 mg/mL dox compared to those induced for 14 days at 2.0 mg/mL dox
(p=0.006). Immunoblots for active Ras and phospho-MEK on short term and long term induced tissue have
demonstrated that this decrease in proliferation is not due to a decrease in Ras activity during the induction (Fig
1C). Transplants of MTB/TRAS mammary glands onto wild type or monotransgenic hosts have demonstrated
that this growth arrest is gland autonomous (data not shown). Furthermore this decrease in proliferation occurs
in the absence of an increase in apoptosis (Fig 2B). Finally, in contrast to high dose induction of Ras, when Ras
is induced at a lower dose of doxycycline (0.012 mg/mL dox) we observe a low level of mammary epithelial
cell proliferation that persists even after 47 days of induction (Fig 2A). We conclude that induction of high
dose, but not low dose, Ras activity initiates an in vivo growth arrest program in mammary epithelial cells.

One of the hallmarks of Ras-induced growth arrest in fibroblasts is that activation of the p53 tumor
suppressor occurs due to induction pl9ARF, an inhibitor of Mdm2, which in turn acts as an ubiquitin ligase for
p53. We wished to determine if these proteins were activated in response to H-Ras. Immunoblots for p16, p19,

p53 phospho-serine 15, and the p53 target gene p21WAF1/CIP1 show that the p53 pathway is indeed activated
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Figure 2 - MTB/TRAS mammary sections co-stained for cytokeratin 18 and BrdU (A) or active caspase 3 (B).

in the mammary epithelium, with maximal activation of the pathway occurring 8-14 days post-induction with
dox (Fig 3). While we have observed increases in plasminogen activator inhibor-1 (PAI-1) mRNA in response
to Ras, we have not detected appreciable levels of senescence-associated B-galactosidase activity in mammary
glands (data not shown). We conclude that while key regulators of Ras-induced growth arrest increase in

induced MTB/TRAS mammary glands, not all markers of senescence in vitro similarly increase.
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Figure 3 — Mammary gland extracts from MTB/TRAS mice induced at 0.05 mg/mL dox were immunoblotted

against the indicated proteins of the p16 and p53 pathways.

Due to a decreased proportion of female FVB p53-/- mice relative to wild type and heterozygous
females, as well as due to tumors that arise in viable p53 -/- females prior to induction with dox, we have been
unable to generate sufficient numbers of MTB/TRAS/p53-/- female mice for determination of p53 dependence
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of Ras-induced proliferative arrest. However, as neither telomere-dependent senescence nor Ras-induced
growth arrest has been shown to be reversible in vitro when the initiating stimulus is removed, we wished to
determine if the Ras-induced growth arrest could be reverted upon withdrawal of Ras expression. Chronically
induced, growth arrested MTB/TRAS mammary glands were deinduced for 3, 7, 21, or 60 days and examined
by carmine-stained wholemounts to determine whether the proliferative arrest and inhibition of ductal
elongation could be abrogated. We observed a complete restoration of the epithelial tree by day 60 of '
deinduction (Fig 4A). Co-immunofluorescence of cytokeratin 18 and BrdU determined that an increase in
proliferation of mammary epithelial cells occurs upon deinduction, peaking at 7 days post-deinduction, and
resuming quiescence upon days 21-60 (Fig 4B). We conclude that Ras-induced proliferative arrest and

inhibition of ductal elongation are reversible.
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Fig 4 — (A) Chronically induced MTB/TRAS mammary glands were deinduced for the indicated time,

stained with carmine’s dye, and wholemounted for analysis of reversibility of Ras-induced growth arrest.

(B) Deinduced glands were co-stained for cytokeratin 18 and BrdU using immunofluorescent microscopy.




STATEMENT OF WORK

Specific Aim 1. Generate a line of mice inducibly expressing activated Ras within the mammary epithelium:
Months 12-24
1. Generate bitransgenic MTB/TRAS mice and verify tissue-specific response to doxycycline: Months 12-
18 -
2. Determine doxycycline dose responsiveness of MTB/TRAS mice: Months 18-24
3. Verify that the MAP kinase pathway is activated in response to transgenic Ras: Months 18-24

Specific Aim 2. Characterize the proliferative, apoptotic, and senescent responses of mammary epithelial cells
to activated H-Ras: Months 24-30
1. Characterize proliferative and apopotic rates in uninduced and induced MTB/TRAS mammary glands:
Months 24-30
2. Determine activation of p53 and p19 pathways in uninduced and induced MTB/TRAS mammary glands:
Months 24-30 '
3. Determine levels of PAI-1 and senescence-associated B-galactosidase activity in uninduced and induced
MTB/TRAS mammary glands: Months 24-30

Specific Aim 3. Determine if the phenotype induced by activated v-H-Ras is dependent on p53: Months 30-36
1. Generate MTB/TRAS/p53-/- and MTB/TRAS/p53+/+ female mice: Months 30-36 .
2. Induce above mice for 0, 4, and 14 days, and compare carmine stained whole mounts and H & E
sections for gross differences in morphology: Months 30-36
3. Determine proliferation and apoptotic rates in induced MTB/TRAS/p53-/- and MTB/TRAS/p53+/+

mammary glands: Months 30-36
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KEY RESEARCH ACCOMPLISHMENTS

MTB/TRAS female mice inducibly express active H-Ras within the mammary and salivary glands

The MAP kinase pathway is activated in response to Ras in mammary glands from MTB/TRAS mice
Mammary glands from MTB/TRAS mice induced to express H-Ras develop dramatic increases in
epithelial cell number based on gross morphology and histologic stains

Activation of Ras induces a transient increase in proliferation followed by a growth arrest and inhibition
of ductal elongation.

Ras-induced proliferative arrest occurs in the absence of increased apoptosis

Unlike high dose induction of Ras, low dose induction of Ras in the mammary gland does not result in a
decrease in cellular proliferation.

Ras-induced growth arrest and inhibition of ductal elongation are reversible upon deinduction of Ras

The p16/p19/p53 pathway is activated in response to Ras in mammary glands from MTB/TRAS mice

11




REPORTABLE OUTCOMES

Sarkisian CJ, Master SR, Huber LJ, Ha SI, Chodosh LA “Analysis of murine Brca2 reveals conservation of
protein-protein interactions but differences in nuclear localization signals” J Biol Chem 2001 276: 37640-8
(Appendix 1)
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CONCLUSIONS

We have generated a bitransgenic system whereby the effects of activation of a potent oncogene, v-H-Ras, within
the adult mammary epithelium may be determined. MTB/TRAS mice specifically and inducibly express activated H-Ras
within mammary epithelia of MTB/TRAS mice, but not in uninduced bitransgenics or monotransgenic mice.
Furthermore, we have demonstrated the the Ras transgene expressed is biologically active, in that the MAP kinase
pathway is activated in response to Ras induction. In addition to the MAP kinase pathway, we have also shown that the
p53 pathway is activated in response to this oncogene, as also occurs in MEFs in vitro. We have demonstrated that theré
is an initial response of epithelial proliferation in response to Ras, but that long term inductions of Ras actually lead to a
growth arrest following this proliferative increase. Furthermore, this proliferative arrest is accompanied by an inhibitition
of ductal elongation. Interestingly, we did not detect a decrease in proliferation or an inhibitibn in ductal elongation when
Ras was induced at a lower concentration of dox. The proliferation decrease and inhibition to ductal elongation has been
shown to be mammary gland autonomous, indicating that the effects observed are not due to expression of Ras in the |
salivary gland or other organs. We did not detect a significant increase in apoptosis in response to Ras in either short term
or long term inductions, suggesting that the decrease in proliferation is not due to programmed cell death of Ras
expressing cells.

We have additionally shown that the proliferative arrest following chronic induction of Ras is reversible upon
removal of Ras signalling. Ablation of Ras signalling restores ductal elongation, permitting re-formation of the epithelial
tree. This occurs by resumption of proliferation of mammary epithelial cells during the reversal of ductal elongation.
This demonstrates the dependency of the proliferative arrest upon maintenance of Ras signalling. We have shown that
accompanying the growth arrest is an increase in the p53 and p16 tumor suppressor pathways, suggesting that these
pathways may be mediating the proliferative arrest in chronically induced glands. These molecules have previously been
demonstrated to play roles in regulating cellular senescence. However, examination of markers for senescence in these
mice, such as an increase in PAI-1 RNA and in senescent-associated B-galactosidase activity(13,14), showed that the
growth arrest appears to have some but not all characteristics of fibroblast senescence in vitro. Future
experiments will cross MTB/TRAS mice with mice lacking the tumor suppressor p/9 ARF or expressing a dominant
negative p53 allele, to determine whether molecules shown to regulate Ras-induced growth arrest in vitro are also

required for arrest in vivo.
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In this report, we have analyzed the protein encoded
by the murine Brea2 locus. We find that murine Brea2
shares multiple properties with human BRCA2 includ-
ing its regulation during the cell cycle, localization to
nuclear foci, and interaction with Brcal and Rad51. Mu-
rine Brca2 stably interacts with human BRCA1, and the
amino terminus of Brea2 is sufficient for this interac-
tion. Exon 11 of murine Breca2 is required for its stable
association with RAD51, whereas the carboxyl terminus
of Brea2 is dispensable for this interaction. Finally, in
contrast to human BRCA2, we demonstrate that carbox-
yl-terminal truncations of murine Brca2 localize to the
nucleus. This finding may explain the apparent incon-
sistency between the cytoplasmic localization of carbox-
yl-terminal truncations of human BRCA2 and the hypo-
morphic phenotype of mice homozygous for similar
carboxyl-terminal truncating mutations.

Women inheriting mutations in the BRCA2 tumor-suppres-
sor gene have up to an 84% lifetime risk of developing breast
cancer (1), and these tumors account for ~35% of inherited
breast cancers in women (2). BRCA2 encodes a 3418-amino
acid nuclear protein of a predicted molecular mass of 384 kDa.
Most disease-causing BRCA2 alleles contain truncating muta-
tions that result in deletion of the three characterized nuclear
localization signals present at the extreme carboxyl terminus of
BRCAZ2 (3, 4). Because these signals are required for the nu-
clear localization of human BRCAZ, it has been postulated that
truncating alleles of BRCAZ are functionally equivalent to null
alleles of this tumor suppressor gene (3).

Though its exact cellular role remains unclear, a growing
body of evidence indicates that BRCAZ2 is involved in DNA
damage-response pathways shared with BRCA1 and RADS51.
BRCA2, BRCA1, and RAD51 are each co-regulated with high-
est levels of expression occurring during the S and G/M phases
of the cell cycle, and these proteins co-localize to discrete foci
within the nucleus (5-11). Furthermore, human BRCA2 has
been shown to physically interact with both RAD51 (12-16)
and BRCA1 (16).

* This work was supported in part by NCI, National Institutes of
Health Grants CA71513 and CA78410 and by United States Army
Breast Cancer Research Program Grants DAMDI17-00-1-0403 (to
C.d. S.), DAMD17-98-1-8230 (to L. J. H.), and DAMD17-98-1-8226 (to
L. A. C.). The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

9 To whom correspondence should be addressed: Dept. of Molecular
and Cellular Engineering, 612 Biomedical Research Building IVIII,
University of Pennsylvania School of Medicine, 421 Curie Blvd., Phil-
adelphia, PA 19104—6160. Tel.: 215-898-1321; Fax: 215-573-6725; E-
mail: chodosh@mail. med.upenn.edu.

Human BRCA2 binds to RAD51 via eight BRC repeats, each
30-80 amino acids in length, that are located within exon 11 of
BRCA2 (17, 18). These repeats have been demonstrated by
yeast two-hybrid analysis to be both necessary and sufficient
for stable binding of human BRCA2 to RAD51 (12, 14, 15). The
region(s) of BRCA2 that are required for binding to BRCA1
have been less clearly defined, though the carboxyl-terminal
third of BRCA2 has been shown to be dispensable for this
interaction (16). Nevertheless, despite the identification of
BRCA2-RAD51 and BRCA2-BRCAL protein-protein interac-
tions, the contribution of these interactions to the tumor-sup-
pressor functions of BRCA2 remains uncertain.

Mice bearing homozygous mutations in Brca2 that yield
truncations of all eight BRC repeats uniformly die in utero
between embryonic day 6.5-8.5, with elevated levels of p53 and
p21 (19-21). Notably, this phenotype is similar to that of mice
homozygous for null mutations in either Rad51 or Breal (22—
26). Whereas mice bearing truncating alleles of Brce2 that
remove only a subset of BRC repeats also die in utero, a fraction
of homozygotes survive to birth with the survival rate being
roughly proportional to the number of BRC repeats left intact
(27-29). Surviving homozygotes invariably succumb to thymic
lymphomas, and cells from these mice exhibit increased geno-
toxin sensitivity and chromosomal instability, as well as an
impaired ability to form Rad51 nuclear foci in response to DNA
damage (27-30). In contrast, mice homozygous for truncating
mutations in Brea2 that leave exon 11 intact exhibit a more
limited sensitivity to genotoxins, are 100% viable, and do not
appear to develop spontaneous tumors (31). These data argue
for a central role of exon 11 in the genomic surveillance and
tumor-suppressor functions of Brca2.

Whereas murine knockout models support a role for BRCA2
as a tumor suppressor, the increasingly severe defects observed
in mice as larger amounts of the Breca2 carboxyl terminus are
truncated appear inconsistent with reports that even small
carboxyl-terminal truncations in human BRCA2 result in its
cytoplasmic localization. That is, essentially all truncating al-
leles might be expected to behave similarly to null alleles,
because carboxyl-terminal truncation would ostensibly lead to
cytoplasmic localization and preclude Brea2 from participating
in nuclear functions (3, 4). This apparent discrepancy could be
because of differences in the subcellular localization signals of
human and murine Breca2 or to differences in the functions of
murine and human BRCA2 in the cytoplasm. In this regard,
another apparent functional difference between murine and
human BRCAZ2 is suggested by the mapping of a murine Brca2-
Rad51 interaction to the carboxyl terminus of murine Brea2,
because similar approaches have shown that the corresponding
region of human BRCA2 lacks significant affinity for RAD51
(12, 14, 15). Further complicating the direct comparison of

37640 This paper is available on line at http://www.jbc.org
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murine and human BRCAZ2 is the fact that the overall amino
acid homology between these orthologs is only 59%, a relatively
low degree of evolutionary conservation compared with other
tumor-suppressor genes. Together, these data have called into
question the applicability of murine models for understanding
the function of human BRCA2.

In this report, we characterize the murine Brca2 protein. We
find that Brea2 stably interacts with murine Brcal and Rad51.
We demonstrate that the physical association of Brea2 with
Rad51 requires exon 11 of murine Brea2 but not its carboxyl
terminus. We also show that murine Brca2 differs from human
BRCA2 in that carboxyl-terminal truncations of murine Brca2
localize to the nucleus. Collectively, our findings suggest that
multiple functional interactions of Brca2 have been evolution-
arily conserved with the notable exception of those signals
required for its nuclear localization.

EXPERIMENTAL PROCEDURES

Isolation of Murine Brca2 cDNA—Poly(A)* RNA isolated from day 14
murine embryos was used to generate a cDNA library in lambda ZAP
using the ZAP-cDNA synthesis and ZAP-cDNA Gigapack II Gold pack-
aging kits according to manufacturer’s instructions (Stratagene). 5 X
10° plaques from each library were screened by standard methods using
[**P)dCTP-labeled random-primed cDNA fragments (BMB) correspond-
ing to nucleotides 2-221, 798-2932, and 9033-9972 of murine Brca2.
Hybridization was performed at a concentration of 10° cpm/ml in 48%
formamide, 10% dextran sulfate, 4.8X SSC, 20 mM Tris, pH 7.5, 10X
Denhardt’s solution, 20 pg/m] salmon sperm DNA, and 0.1% SDS at
42 °C overnight. Filters were washed twice in 2X SSC/0.1% SDS at
room temperature for 20 min and twice in 0.2X SSC/0.1% SDS for 20
min at 50 °C and subjected to autoradiography on XAR-5 film (Eastman
Kodak Co.). Phage clones were plaque purified, and plasmids were
liberated by in vivo excision according to the manufacturer’s instruc-
tions. Sequence analysis identified three overlapping clones that to-
gether spanned the entire Brea2 coding sequence, with the exception of
an internal deletion of nucleotides 454—672. This region was replaced
with a polymerase chain reaction product generated from murine testis
first-strand ¢DNA and primers 5'-GAATTCATGCCCGTTGAATA-
CAAAAGGAGAC-3' and 5'-CTCGAGGCAGATTTCCTCATTCTG-
GCTG-3'. After sequencing to verify the absence of additional muta-
tions, the overlapping clones were assembled to generate a full-length
murine Brea2 cDNA.

Generation of Antisera—Using primers 5'-CATCCGAATTCTGCAG-
CACAGCGATTTAGGAC-3' and 5’-CATCCCTCGAGGCACCGCAGAG-
TAAGAGGG-3’ (Brca2A), and 5'-CATCCGAATTCGATGAAGAAGCA-
CGCAGCTC-3' and 5'-CATCCCTCGAGACTGCATTTTTCACAGTGG-
C-3' (Brca2B), polymerase chain reaction products corresponding to
amino acids 19 to 135 (Brca2A) and 206 to 566 (Brca2B) were generated
from a partial Brca2 cDNA, ligated into pGEM-T vector (Promega), and
subcloned in-frame into pGEX-6P-1 (Amersham Pharmacia Biotech).
GST! fusion peptides were purified from BL21 Escherichia coli accord-
ing to manufacturer’s instructions. Brea2 peptides were cleaved from
the GST domain using a site-specific protease, gel-purified by SDS-PA-
GE, and injected into rabbits using standard immunization protocols
(Cocalico Biologicals). Sera from immunized rabbits were affinity-pu-
rified on columns containing immunogen bound to cyanogen bromide-
activated Sepharose (Amersham Pharmacia Biotech) according to
published methods (32).

Transfection of Cells—293T cells were transiently transfected using
a standard calcium-phosphate protocol (33). For co-immunoprecipita-
tion experiments, 2.5 X 10 cells on 150-mm dishes were transfected
with 25 ug of DNA. For subcellular localization studies, 1 X 10° cells on
100-mm dishes were transfected with 5 ug DNA, and cells were split
onto culture slides at 24 h post-transfection. All analyses were per-
formed at 48 h post-transfection.

Cell Culture—All cells were grown at 37 °C in a humidified incubator
supplemented with 5% CO,. 293T, NMuMG, and 16MB9A cells were
grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
bovine calf serum (Gem Cell), 2 mM L-glutamine, 100 units/m] penicil-
lin, and 100 units/ml streptomycin. HC11 cells were cultured in RPMI
supplemented with 10% bovine calf serum (Gem Cell), 1 mMm L-gluta-

! The abbreviations used are: GST, glutathione S-transferase; PAGE,
polyacrylamide gel electrophoresis; PBS, phosphate-buffered saline.

mine, 100 units/ml penicillin, 100 units/ml streptomycm 10 ng/ml
epidermal growth factor, and 5 ug/m! insulin.

Immunoblotting and Immunoprecipitation—Cells were harvested by
lysis in EBC Buffer (50 mm Tris, pH 8.0, 120 mm NaCl, 0.5% Igepal
CA-630 (Sigma)), supplemented with phosphatase inhibitors (50 mm
NaF and 1 mM B-glycerol phosphate) and protease inhibitors (100 pg/ml
aprotinin, 10 pg/ml leupeptin, 10 ug/ml pefabloc). Following removal of
insoluble debris by centrifugation, extracts were either boiled in 1x
(final) Laemmli sample buffer (2% SDS, 10% glycerol, 60 mm Tris, pH
6.8, 5% B-mercaptoethanol, 250 mum dithiothreitol, 0.005% bromphenol
blue) or subjected to immunoprecipitation. For immunoprecipitation
studies, 1.0-1.5 mg of protein extract was incubated with 4 ug of
affinity-purified antibody or, in the case of RAD51, 1 ul of polyclonal
antiserum (Ab-1; Oncogene Science) for 1 h at 4 °C in a total volume of
1 ml of EBC plus inhibitors. Protein A-Sepharose (25 ul of a 50% slurry
in PBS; Life Technologies, Inc.) was added, and incubation was contin-
ued for 1 h. The Sepharose beads were pelleted and washed three times
in EBC plus inhibitors, resuspended, boiled in 14 ul of 2x (final)
Laemmli sample buffer, and loaded for SDS-PAGE.

Except as noted, all protein samples were separated by 5% SDS-
PAGE in 50 mM Tris base, 192 mM glycine, and 0.1% SDS. For immu-
noblotting, electrophoresed proteins were transferred onto nitrocellu-
lose (Schleicher & Schuell) in 50 mM Tris base, 192 mM glycine, and 20%
methanol in a submerged tank apparatus (Bio-Rad) for 12 h at 20 V.
Blotted membranes were rinsed twice in PBS and blocked for 1 h at
room temperature in PBS containing 5% nonfat milk and 0.05% Igepal
CA-630 (MPBS-I). All affinity-purified rabbit polyclonal primary anti-
bodies were used for immunoblotting at a final concentration of 2 ug/ml.
Commercial antibodies, including anti-human BRCA2 Ab-2 (Oncogene
Science), anti-RAD51 Ab-1 (Oncogene Science), anti-RAD51 Ab-1 (Neo-
Markers), anti-BRCA1 MS110 (Oncogene Science), anti-g-tubulin N357
(Amersham Pharmacia Biotech), and anti-RAD50 R75020 (Transduc-
tion Laboratories) were used at the concentrations recommended by the
manufacturer. Blots were incubated with primary antibodies diluted in
MPBS-] for 1 h at room temperature and were subsequently washed
three times in MPBS-I for 10 min each. Peroxidase-conjugated goat
anti-rabbit or goat anti-mouse secondary antibodies (Jackson Immu-
noresearch) were incubated at a 1:5000 dilution for 1 h at room tem-
perature in MPBS-1. Blots were washed three times in MPBS-I for 15
min each and rinsed four times with PBS, and antibody complexes were
detected by chemiluminescence (ECL Plus; Amersham Pharmacm Bio-
tech) on XAR-5 film (Kodak).

Cell Cycle Synchronization and Analyszs—HCll cells were synchro-
nized by serum starvation for 48 h and were subsequently restimulated
with growth medium containing 20% serum. At 4-h intervals, cells were
trypsinized and washed in PBS, and approximately two-thirds of cells
were pelleted and snap-frozen for subsequent protein harvest. The
remaining cells were pelleted, resuspended in PBS, and fixed in 70%
ethanol. Following fixation, cells were pelleted, resuspended in PBS
supplemented with 10 ug/ml propidium iodide and 100 ug/ml RNase A,
and sorted by DNA content using a Becton Dickinson FACScan flow
cytometer. The program ModFit was used to quantify percentages of
cells in each phase of the cell cycle.

Subcellular Fractionation—Nuclear and cytoplasmic fractionation
was performed as described previously (34). Briefly, 16 MB9A cells were
harvested by trypsinization, pelleted, and washed in PBS. Cells were
washed in ice-cold hypotonic buffer (30 mm HEPES, pH 7.5, 5 mm KCl,
1 mM MgCl,), resuspended in three packed cellular volumes of hypo-
tonic buffer supplemented with protease inhibitors, and incubated on
ice for 30 min. Cells were homogenized in a Wheaton Dounce with 25
strokes of a type B pestle. An equal volume of Nonidet P-40 lysis buffer
(0.1% Igepal CA-630, 250 mM sucrose, 1 mm MgCl,, 10 mm Tris, pH 7.5)
was added dropwise, and cells were lysed using another 10 strokes.
Nuclei were pelleted at 1300 X g at 4 °C for 5 min. Following removal
of the cytoplasmic supernatant, nuclei were washed twice in 1:1 hypo-
tonic buffer/Nonidet P-40 lysis buffer and resuspended in an amount of
1:1 hypotonic buffer/Nonidet P-40 lysis buffer equal to the extract
volume prior to centrifugation of nuclei. Nuclear and cytoplasmic frac-
tions were diluted with 6x EBC to a final concentration of 1X, centri-
fuged to remove insoluble debris, and boiled in 1X- (final) Laemmli
sample buffer prior to SDS-PAGE.

Immunofluorescence—Cells were cultured in 2-well culture slides
(Falcon), rinsed in PBS, and fixed for 10 min in 3% paraformalde-
hyde/2% sucrose/PBS. Cells were rinsed twice in PBS and permeabi-
lized for 5 min in ice-cold buffer (0.5% Triton, 20 mm HEPES, pH 7.4, 50
mM NaCl, 3 mm MgCl,, 300 mM sucrose). Following five rinses in PBS,
cells were incubated at 37 °C for 20 min with anti-Brca2A (2 ug/ml in
3% bovine serum albumin/PBS). Cells were rinsed twice in PBS and
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stained with a 1:200 dilution of fluorescein isothiocyanate-conjugated
goat anti-rabbit IgG (Jackson Immunoresearch) in 3% bovine serum
albumin/PBS. Stained cells were rinsed three times in PBS, mounted in
Vectastain (Vector Laboratories), and visualized using a Bio-Rad MRC-
1024 confocal microscope with a Kr/Ar laser. For subcellular localiza-
tion of Brca2 isoforms, tetramethylrhodamine isothiocyanate-conju-
gated goat anti-rabbit (Jackson Immunoresearch) was used as a
secondary antibody at a 1:200 dilution, and cells were visualized using
confocal microscopy as above.

RESULTS

Generation of Antisera to Murine Brca2—To investigate the
function of the murine Brca2 protein, we raised antisera to two
recombinant Brca2 polypeptides corresponding to amino acid
residues 19-135 and 206-566. Sera from these rabbits were
affinity-purified and designated anti-Brca2A and anti-Brca2B,
respectively. To demonstrate that these antibodies specifically
recognize murine Brca2, we transfected 293T cells with either
a full-length cDNA encoding Brca2 or an empty vector control.
Immunoblotting of whole cell extracts with anti-Brca2A dem-
onstrated a band of the predicted molecular mass in 293T cells
transfected with a Brca2 cDNA but not in cells transfected with
a control vector (Fig. 14). This band co-migrates with endoge-
nous Brca2 detected in the mammary epithelial cell lines
HC11, NMuMG, and 16MB9A. Endogenous human BRCAZ2,
detected in 293T cells using an antibody recognizing a carbox-
yl-terminal epitope of BRCAZ2, also co-migrates with this band
(Fig. 1A). In contrast, no co-migrating band is detected by
immunoblot of whole cell extracts from CAPAN-1 cells, in
which a 6174dT frameshift mutation results in a carboxyl-
terminal truncation of the BRCA2 gene product (Fig. 1A). De-
tection of murine Brca2 was completely blocked by pre-incu-
bating anti-Brca2A with the cognate GST-Brca2 (residues 19—
135) fusion protein but not by pre-incubating with GST (data
not shown). These findings indicate that anti-Brca2A specifi-
cally detects murine Brca?2.

As further evidence of the specificity of anti-Brca2A, we
performed reciprocal immunoprecipitations and immunoblots
on murine mammary epithelial cell extracts with anti-Brca2A
and anti-Brca2B. As shown in Fig. 1B, anti-Brca2A detects a
polypeptide of the appropriate molecular mass present in cell
extracts subjected to immunoprecipitation with anti-Brca2B
but not with control rabbit IgG. Similarly, anti-Brca2B detects
a polypeptide of the appropriate molecular mass in cell extracts
subjected to immunoprecipitation with anti-Brca2A. Moreover,
the polypeptide immunoprecipitated by anti-Brca2A and anti-
Brca2B co-migrates with the polypeptides detected by these
antibodies in whole cell extracts (see below, and see Fig. 4). In
aggregate, these data demonstrate that anti-Brca2A and anti-
Brca2B specifically recognize murine Brca2.

Brca2 Protein Levels Are Up-regulated during S and G,/M
Phases of the Cell Cycle—Our laboratory has demonstrated
previously that steady-state levels of murine Brca2 mRNA are
regulated during the cell cycle with peak expression occurring
near the G,/S transition (35). Human BRCA2 has been shown
to exhibit a similar pattern of regulation at both the RNA and
protein levels (5, 6). To determine whether steady-state levels
of murine Brca2 protein are similarly regulated, HC11 cells
were synchronized by serum starvation for 48 h, restimulated
with serum, and harvested at 4-h intervals. Immunoblotting
revealed that murine Brca2 expression is up-regulated begin-
ning at ~12 h following restimulation with serum, which coin-
cides with cellular entry into S phase as shown both by flow
cytometry and up-regulation of cyclin A (Fig. 2). This up-regu-
lation persists as cells exit S phase and enter the G,/M phase of
the cell cycle (Fig. 2). Similar results were observed in a second
mammary epithelial cell line, NMuMG (data not shown). These
findings indicate that the cell cycle regulation of BRCA2 is
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Fic. 1. Characterization of Brca2 antibodies. A, whole cell pro-
tein extracts were generated from 293T cells transxently transfected
with a pBKCMYV vector control or a Brca2 expression plasmid or from
murine mammary epithelial cell lines (HC11, NMuMG, and 16MB9A),
the BRCA2 mutant human pancreatic adenocarcinoma cell line CA-
PAN-1, or untransfected 293T cells. 60 pg (lanes 1-3) or 40 pg (lanes
4-6) of cell extracts were separated by SDS-PAGE and immunoblotted
(IB) with anti-Brca2A (left panel) or anti-human BRCAZ Ab-2 (Onco-
gene Science; right panel) antibodies. B, Brca2 was lmmunopreclpltated
(IP) from HC11 cells (left panel) or 16MB9A cells (right panel) using the
indicated antibodies. Precipitates were separated by SDS-PAGE and
immunoblotted with anti-Brca2A (left panel) or anti-Brca2B (right
panel).

conserved between mouse and human at both the RNA and
protein level.

Murine Brea2 Localizes to Nuclear Foci—Human BRCA2
has been shown to localize to nuclei by biochemical subcellular
fractionation (6). To determine whether murine Brca2 shares
this property, nuclear and cytoplasmic fractions were prepared
from the murine mammary epithelial cell line, 16MB9A. The
purity of these fractions was confirmed by immunoblotting for
B-tubulin and RAD50 as controls for cytoplasmic and nuclear
proteins, respectively (Fig. 34). This analysis demonstrated
that murine Brea?2 is found primarily in the nuclear fractlon of
16MBYA cells (Fig. 3A).

Consistent with the nuclear localization of human BRCAZ2,
immunofluorescence studies have shown that this protein lo-
calizes to subnuclear foci (16). T'o determine whether murine
Brca2 exhibits a similar localization, we performed indirect
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Fic. 2. Murine Brea2 is cell cycle-regulated. Serum-starved HC11 cells were stimulated to re-enter the cell cycle by refeeding with 20%
serum, and cells were harvested at the indicated time points. A, histograms representing the DNA content of cells stained with propidium iodide
and subjected to flow cytometry. The relative percentage of cells in different phases of the cell cycle was determined and plotted for each time point.
B, whole cell extracts (50 ug) from synchronized HC11 cells were immunoblotted using anti-Brca2A or anti-cyclin A antibodies.
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Fic. 3. Brea2 is a nuclear protein that localizes to discrete foci in mitotic cells. A, 16MB9A cells were separated into nuclear and
cytoplasmic fractions, equal proportions of which were immunoblotted with anti-Brca2A, anti-RAD50 (a control nuclear protein), or anti-g-tubulin
(a control cytoplasmic protein) antibodies. B, endogenous Brea2 was detected in asynchronously growing NMuMG cells by indirect immunofluo-
rescence using anti-Brca2A (right panel). A control panel representing immunostaining performed without primary antibody is shown (left panel).

immunofluorescence on NMuMG cells using anti-Brca2A. Nu-
merous nuclear foci were observed in cells stained with anti-
Brca2A but not in cells stained with a secondary antibody alone
(Fig. 3B). Fluorescent signal was completely blocked by the
cognate GST-Brca2 (residues 19-135) fusion protein but not by
GST alone (data not shown). Collectively, these data demon-
strate that, similar to human BRCA2, murine Brea2 is a nu-
clear protein and localizes to discrete foci in mammary epithe-
lial cell lines.

Brca2 Stably Interacts with Rad51 and Brecal—Human
BRCA2 has been demonstrated previously to physically inter-
act with the homology-based DNA repair protein, RAD51 (12—
16). This interaction has been shown to be direct by both yeast
two-hybrid and in vitro GST pulldown assays (12, 14, 15).
Although murine Brca2-GST fusion proteins have been shown
to bind to Rad51 in vitro, and murine Brca2-GAL4 fusion
proteins have been shown to bind to Rad51 by yeast two-hybrid
approaches (19, 32), endogenous murine Brca2 and Rad51 have
yet to be shown to interact in mammary epithelial cells in vivo.
To address this, we performed reciprocal co-immunoprecipita-
tions of Rad51 and Brca2 from HC11 cells (Fig. 4A). This

analysis demonstrated that Rad51 antisera were equally as
effective as Brca2 antibodies in immunoprecipitating Breca2,
suggesting that the majority of Brca2 in these cells is stably
bound to Rad51. In contrast, Brca2 antisera co-immunoprecipi-
tated only a fraction of the total Rad51 present in these cells
(Fig. 4A). Consistent with this finding, a similarly small pro-
portion of RAD51 has been found complexed with BRCA2 in
human cells (13, 16). Together, these observations suggest that
within cells there is a large pool of Rad51 molecules that are
not complexed with Brca2. Although we cannot rule out the
possibility that there is a significant pool of Brca2 molecules
that are not immunoprecipitated by our Brca2 antibodies, this
latter explanation appears unlikely given that anti-Brca2B
antibodies immunoprecipitate the majority of Brca2 present in
these cells as judged by comparison to input material (Fig. 44).

Because human BRCA2 has also been demonstrated to in-
teract with BRCA1 (16), we wished to determine whether an
analogous interaction exists in murine cells. Using polyclonal
antibodies raised against murine Breal residues 69-278
(mAb-1) and residues 995-1244 (mAb-3) (36), we performed
reciprocal co-immunoprecipitations of Brcal with Brea2. Low
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Fic. 4. Brea2 interacts with Rad51 and with murine Breal in vive. A, asynchronously growing HC11 cells were harvested and
immunoprecipitated using anti-Brca2B, anti-RAD51 Ab-1 (Oncogene Science), or rabbit IgG. Precipitates were separated by SDS-PAGE and
immunoblotted with anti-Brca2A (top panel) or with anti-RAD51 Ab-1 (Oncogene Science; bottom panel). The whole cell extract (WCE) represents
1/30 of the input protein. B, Brcal (left panel), Brea2 (right panel), or Rad51 (right panel) were immunoprecipitated (IP) from HC11 whole cell
extracts using the indicated antibodies. Precipitates were immunoblotted (IB) with anti-Brca2A (left panel) or anti-Brcal mAb-1 (right panel). The

whole cell extract represents 1/20 of the input protein.

but significant levels of Brca2 were detected in Breal immu-
noprecipitates (Fig. 4B). Based on comparisons to input cellular
extracts, less than 5% of total Brca2 polypeptides appear to be
stably bound to Brcal under these conditions (Fig. 4B). This
finding is consistent with the fraction of total BRCA2 molecules
that have been reported to be bound to BRCA1 in human cells
(16). Conversely, we detected Brcal in Brca2 immunoprecipi-
tates at levels approximately equivalent to those present in
Rad51 precipitates (Fig. 4B). No Brcal or Brea2 was detected in
rabbit IgG control precipitates. Taken together, our data indi-
cate that the proteins with which murine Brca2 interacts are
similar to those with which human BRCA?2 interacts and that
the stoichiometries with which these interactions occur may
also be similar. Of note, however, we cannot rule out the pos-
sibility that our antibodies have incomplete access to cellular
Brca2-Breal complexes or that the immunoprecipitation con-
ditions employed in these experiments cause disruption of
Brca2-Breal complexes.

Exon 11 of Murine Brca2, but Not Its Carboxyl Terminus, Is
Required for Interaction with Rad51—The domain(s) with
which murine and human BRCA2 each interact with RAD51
have been noted previously to differ (37). Specifically, murine
Brca2 has been shown to interact with Rad51 via its carboxyl
terminus by yeast two-hybrid and ir vitro GST pulldown as-
says (19, 38). However, despite the high degree of evolutionary
conservation of this domain, similar approaches have indicated
that the corresponding domain of human BRCA2 does not
stably interact with RAD51 (12, 14, 15). Rather, the BRC
repeats of human BRCA2 have been shown to be necessary and
sufficient for interaction with RAD51. To date, the contribution
of the BRC repeats of murine Brca2 to its interaction with
Rad51 have not been addressed. We generated several deletion
mutants of Brea2 to identify those domain(s) required for
Rad51 interaction (Fig. 5A). The expression construct,
Brca2ABst, contains an in-frame deletion of the majority of
exon 11 that spans all 8 BRC repeats. Brea2AC contains a
deletion of all Brea2 sequences 3’ of exon 11, including the
reported carboxyl-terminal Rad51 interaction domain (19, 38).
Finally, Brca2ABst-C deletes both exon 11 and carboxyl-termi-
nal sequences. Each of these constructs retains the epitopes
recognized by anti-Brca2A and anti-Brca2B.

293T cells were transfected with expression constructs for
full-length Brea2, Brea2 deletion mutants, or a pBKCMV con-

trol vector, and harvested cell extracts were subjected to im-
munoprecipitation for Brca2 and RAD51. This analysis re-
vealed that full-length Brca2 and Brca2AC were comparable in
their ability to co-precipitate RAD51 (Fig. 5B). In contrast, no
RAD51 was detected in anti-Brea2 immunoprecipitates from
cells transfected with Brca2ABst or Brca2ABst-C, despite the
fact that these Brca2 mutant polypeptides were expressed at
levels that exceeded those of full-length Brca2 and Brca2AC
(Fig. 5B). Performing the reciprocal co-immunoprecipitation
experiment in 293T cells yielded similar results, as full-length
Brea2 and Brca2AC were found to co-immunoprecipitate with
RAD51, whereas Brca2ABst and Brca2ABst-C failed to co-pre-
cipitate with RAD51 (Fig. 5C). These results were also ob-
served when Brca2ABst and Brca2ABst-C were expressed at
levels comparable with those of full-length Brca2 and Brea2AC
(data not shown) indicating that the failure of Brca2ABst and
Brca2ABst-C to interact with RAD51 is not an artifact of their
higher expression levels. Moreover, the fact that human and
murine RAD51 are identical at the amino acid level, and that
the BRCA2-RADS51 interaction has been shown to be direct,
suggests that the inability of Brca2ABst and Brca2ABst-C to
co-precipitate RAD51 is not due to differences in RAD51 se-
quences or bridging molecules present in human cells (12, 14,
15). Collectively, these data strongly suggest that exon 11 is the
principal RAD51 interaction domain contained within murine
Brca?2.

The Amino Terminus of Murine Brea2 Is Sufficient for Inter-
action with Human BRCAI—Brcal and Brca2 each display
relatively low overall similarity to their human orthologs
(~59%). Given this, we wished to define the domain(s) of Brca2
required for interaction with Brcal and to determine whether
the Breca2-Breal interaction would be preserved when one of
these proteins was replaced by its human counterpart. Extracts
of 293T cells transfected with full-length Brea2 or Brea2 dele-
tion constructs, along with a BRCAI expression construct, were
subjected to Brca2 immunoprecipitation and immunoblotted
for co-precipitating BRCA1 (Fig. 6). This analysis revealed that
each of the mutant Brca2 isoforms tested were comparable in
their ability to interact with human BRCAL. Similar results
were observed in co-immunoprecipitations performed using an-
ti-Brea2A or anti-Brea2B and in the absence of ectopic BRCA1
expression (data not shown). Low levels of BRCA1 were detect-
able in anti-Brca2A precipitates from 293T cells transfected
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Fic. 5. Exon 11, but not the carboxyl terminus, of murine Brea2 is required for interaction with RAD51. A, schematic depicting
deletion mutants of Brea2 generated from a full-length Brea2 ¢cDNA. Brea2ABst represents an internal deletion mutant that encodes a polypeptide
lacking amino acid residues 7382278 from exon 11. Brca2AC lacks sequence from the second BstEII site, at residue 2280, to the carboxyl terminus
of the protein, and Brca2ABst-C lacks sequence from the first BstEIl site, at residue 742, to the carboxyl terminus of the protein. B, 293T cells were
transfected with 25 ug of the indicated Brca2 constructs. Cellular extracts (left panels) or cellular extracts immunoprecipitated (IP) with
anti-Brca2B (right panels), were separated by SDS-PAGE and immunoblotted with either anti-Brca2A (top panel) or anti-RAD51 Ab-1 (NeoMar-
kers; bottom panel). C, 293T cells were transfected with 25 ug of the indicated Breca2 constructs. Whole cell extracts (left panels) or whole cell
extracts immunoprecipitated with anti-RAD51 Ab-1 (Oncogene Science; right panels) were immunoblotted (IB) with anti-Brca2A. The bottom
panels were separated by 15 rather than 5% SDS-PAGE to enhance the resolution of Brca2ABst-C.

with the control vector, pPBKCMV, suggesting that anti-Brca2A
may cross-react, albeit weakly, with human BRCAZ2 (Fig. 6). In
aggregate, our findings suggest that sequences within the ami-
no-terminal 738 residues of Brca2 are sufficient for interaction
with BRCA1, although additional domains of Brca2 may con-
tribute to the stability of this association. These findings are
consistent with experiments demonstrating that the interac-
tion of human BRCA2 and BRCALI is preserved in CAPAN-1

cells, which express a BRCA2 protein that lacks the carboxyl-
terminal third of BRCA2 (16). To date, the lack of an antibody
to the carboxyl terminus of Brca2 and inefficient expression of
epitope-tagged Brca2 deletion mutants (data not shown) have
prevented us from testing whether the amino terminus of
Brca2 is required for its interaction with BRCA1. Nevertheless,
we conclude that the amino terminus of murine Brea2 is suffi-
cient to stably interact with human BRCA1 and that the se-
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Fic. 6. The amino terminus of Brca2
is sufficient for interaction with IB:
BRCAL. 293T cells were transfected with
12.5 pg of pPBKCMYV, 125 pg of full-length
Brea2, 2 pg of Brca2ABst, 125 pg of
Brca2AC, or 2 pg of Brea2ABst-C. All
transfections included 12.5 pg of a BRCA1
expression plasmid and  sufficient
pBECMYV to bring the total DNA to 25 ng
per transfection. Whole cell extracts (left
panel) or anti-Brca2A immunoprecipitates
(right panels) from transfected cells were
immunoblotted (IB) with anti-BRCA1
MS110 (top panels) or anti-Brea2A (bottom
panel). IP, immunoprecipitated.

anti-BRCAI

quences mediating this interaction have been evolutionarily
conserved.

The Amino Terminus of Murine Brca2 Is Sufficient for Nu-
clear Localization—Human BRCA2 has been shown to contain
three nuclear localization signals at its extreme carboxyl ter-
minus (3, 4). Accordingly, human BRCAZ alleles that harbor
truncating mutations anywhere within the gene result in
BRCA2 polypeptides that localize to the cytoplasm and that are
therefore presumed to be nonfunctional (3). If the signals di-
recting nuclear localization in murine Brca2 are similarly po-
sitioned, even small carboxyl-terminal truncations in murine
Brea2 should result in a cytoplasmic gene product. These find-
ings predict that truncating mutations anywhere within Brca?2
would result in equally severe phenotypes. In contrast to this
prediction, the viability of mice bearing truncations in Brca2
directly correlates with the length of the resulting protein, in
that amino-terminal truncations have more severe phenotypes
than carboxyl-terminal truncations. We reasoned that it was
more likely that murine and human BRCA2 would have con-
served functions but different nuclear localization signal loca-
tions than have conserved nuclear localization signal locations
and different functions. We tested this hypothesis using immu-
nofluorescence to analyze the subcellular location of Brca2
polypeptides in 293T cells transiently transfected with the
above murine Brca2 deletion constructs.

As expected, exogenously expressed full-length murine
Brea2 was observed to localize exclusively to the nucleus, as
demonstrated by co-fluorescence with ECFP-Nuc (CLON-
TECH), a control for nuclear localization (Fig. 7). Similarly,
Brca2ABst was also shown to localize to the nucleus of trans-
fected cells, indicating that exon 11 is not required for
the nuclear localization of murine Brca2. Surprisingly,
Brea2ABst-C was also shown to localize to the nucleus despite
its deletion of more than three-fourths of the full-length pro-
tein, including the carboxyl terminus. Brca2ABst-C encodes a
polypeptide with a predicted molecular mass of 82 kDa that is
significantly greater than the 65-kDa molecular mass cutoff for
passive diffusion through nuclear pores (39). As such, the nu-
clear localization of Brca2ABst-C cannot be explained by sim-
ple diffusion. Moreover, no fluorescent signal was detected in
control cells transfected with the empty vector, indicating that
the apparent localization of Brca2ABst-C is not the result of
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antibody cross-reactivity with endogenous human BRCAZ2.
These findings suggest that the amino terminus of murine
Brea? is sufficient to direct the nuclear localization of this
protein.

DISCUSSION

We have demonstrated that the murine Brca2 protein is
similar to human BRCA2 with regard to its nuclear localiza-
tion, cell cycle regulation, binding to Breal, and binding to
Rad51. In addition, we have defined further the domains of
Breca?2 that are required for its interaction with RAD51 and
BRCA1. Finally, despite low overall homologies between the
murine and human orthologs of BRCA2 and BRCAL1, we have
demonstrated that murine Brea2 is capable of stably interact-
ing with human BRCAL1 in vivo. This indicates that the inter-
action between Brcal and Brca2 has been conserved evolution-
arily and suggests that this interaction is functionally
important. In aggregate, our data are consistent with the hy-
pothesis that murine and human BRCA2 have largely equiva-
lent functions.

One notable difference that we observed between murine and
human BRCA2 was the finding that the amino terminus of
murine Brca2 appears to be sufficient for its nuclear localiza-
tion. In contrast, analysis of human BRCA2-GFP fusion pro-
teins has demonstrated that truncating even 155 residues from
the carboxyl terminus of BRCA2 completely abrogates its nu-
clear localization (3). Similarly, endogenous BRCA2 in CA-
PAN-1 cells, which lacks the carboxyl-terminal third of BRCAZ2,
has been shown to localize to the cytoplasm by biochemical
fractionation (8). As such, we believe that our findings reflect
differences in the placement of nuclear localization sequences
within human and murine Brca2. A potential caveat to this
interpretation is that our localization studies were performed
on Brea2 polypeptides expressed ectopically in human 293T
cells rather than in murine cells. However, our conclusions are
supported by the finding that a targeted deletion of the final
566 coding nucleotides of Brca2 results in a polypeptide that
localizes to the nucleus in murine cells (40). Paradoxically, the
difference in positioning of nuclear localization signals that we
have identified between murine and human BRCA2 strength-
ens the hypothesis that murine and human BRCAZ2 are func-
tionally equivalent. If, as for human BRCA2, truncation at the
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Brca2
pBKCMV full length

CFP-Nuc
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Brca2ABst
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Fic. 7. The amino terminus of murine Brca2 is sufficient for nuclear localization. 293T cells were transiently transfected with 4.5 ug
of the indicated Brca2 deletion constructs and 0.5 pg of pECFP-Nuc. Cells were analyzed for Brca2 subcellular localization by indirect
immunofluorescence with anti-Brca2A and co-fluorescence with CFP-Nuc.

extreme carboxyl terminus of murine Brca2 resulted in cyto-
plasmic localization, we would have been forced to conclude
that the more severe phenotype of mice bearing amino-termi-
nal compared with carboxyl-terminal truncating Brca2 muta-
tions reflected differences in the functions of murine and hu-
man BRCA2. Our demonstration that carboxyl-terminal
truncations of murine Brca2 remain nuclear resolves this
dilemma.

Mice homozygous for truncating mutations within exon 11
exhibit reduced embryonic survival, spontaneous tumorogen-
esis, genomic instability, and reduced Rad51 nuclear foci for-
mation following DNA damage (27-30). Our finding that Brca2
polypeptides lacking exon 11 are incapable of co-immunopre-
cipitating RAD51 constitutes the first biochemical evidence
that exon 11 is required for the interaction of Brca2 with
RADS51. This, along with our observation that Brca2 mutants
lacking the carboxyl terminus retain their capacity to bind to
RADS51, is consistent with yeast two-hybrid studies of the hu-
man BRCA2-RADS51 interaction and suggests that exon 11 is
the principal domain of murine Brea2 required for binding to
RADS51. Nevertheless, given that interactions of the carboxyl
terminus of murine Brca2 with Rad51 have been detected by
two different approaches, we favor the possibility that this
region may contribute to the interaction of Brca2 with Rad51.
The targeted, in-frame deletion of exon 11 in mice would permit
a more accurate assessment of the role of the BRC repeats in
binding to Rad51 and of the impact that this interaction has on
DNA repair and tumor susceptibility.

The multiple similarities between human and murine Brca2
that we have demonstrated in this report shed new light on
observations made in mice bearing targeted mutations in
Brca2. Mice lacking the small carboxyl-terminal domain of
Brca2 shown to interact with Rad51 have not been reported to
develop tumors, although cells from such mice exhibit prema-
ture senescence and decreased efficiency in homology-based
DNA repair (31, 40). Our data predict that mice bearing car-
boxyl-terminal deletions would have at most only slightly im-
paired binding of Brca2 to Rad51. This, in turn, may explain

the more modest phenotype of mice bearing such mutations. In
support of this hypothesis, Moynahan and colleagues (40) have
shown recently that the amount of Brca2 bound to Rad51 in
murine embryonic stem cells is unaffected by deletion of the
carboxyl-terminal domain of Brca2. As such, the premature
senescence and decreased DNA repair phenotypes observed in
these mice may be due either to an uncharacterized defect in
the Rad51 pathway or to the disruption of interactions with
other proteins involved in homology-based DNA repair.

Finally, our finding that the amino terminus of Breca2 is
sufficient to interact with BRCA1 suggests that Brca2-Breal
complexes may be maintained in all Brea2 knockout mouse
models generated to date; however, whether such Brea2-Breal
complexes retain their function is unknown. Both Brea2 and
Breal mutant cells have defects in Rad51 focus formation fol-
lowing DNA damage (36, 41). We have recently demonstrated
that murine Breal, like murine Brea2, localizes to nuclear foci
(36). As peptides bearing consensus BRC repeat sequences can
inhibit the polymerization of RAD51 onto DNA substrates in
vitro (42), these data collectively suggest a role for Brca2, and
potentially Breal, in recruiting or preparing Rad51 for subse-
quent recombination events at sites of DNA damage. Never-
theless, it has yet to be demonstrated how Brca2 and Breal
orchestrate Rad51 nuclear focus formation following DNA
damage, and it has not been determined whether the disrupted
regulation of Rad51 nuclear focus formation is ultimately re-
sponsible for the malignant transformation of Brcal and Brea2
mutant cells. Such studies should enhance our understanding
of the mechanism by which Breal and Brca2 gene products
suppress tumor formation.
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